Abstract A fast pneumatic transfer facility was installed in Nuclear Engineering Teaching Laboratory (NETL) of the University of Texas at Austin for the purpose of cyclic thermal and epithermal neutron activation analysis. In this study efforts were focused on the evaluation of cyclic epithermal neutron activation analysis (CENAA). Various NIST and CANMET certified materials were analyzed by the system. Experiment results showed 110 Ag with its 25 s half-life as one of the isotopes favored by the system. Thus, the system was put into practical application in identifying silver in metallic ores. Comparison of sliver concentrations as determined by CENAA in CANMET certified reference materials gave very good results.
Introduction
In 1966, Caldwell suggested cyclic neutron activation analysis (CNAA) as a combination neutron experiment for lunar and planetary samples [1] . Samples are irradiated and counted in consecutively repeated cycles under the same conditions. The total response from all cycles is obtained by summing up the count measurements from each cycle. The purpose of the repeated cycles is to improve the detection limits and signal-to-background ratio of short-lived isotopes. CNAA is often carried out under an automated instrument in order to keep track of a precise combination of irradiation time, decay time and count time in each of the repeated cycles. Therefore, it is sometimes referred as instrumental cyclic neutron activation analysis. CNAA has been used with different neutron sources such as neutron generators, isotopic sources and pulsed accelerator neutron beams for various application purposes in field of biochemistry and geology.
Spyrou and Kerr [2] and McDowell [3] were two of the original pioneers in cyclic activation analysis. The concept of CNAA is essentially to reduce the effect of background radiation. CNAA has an increasing peak to background ratio while conventional NAA has a decreasing ratio along with experimental time, due to the fading of radiation emitted by short-lived nuclides. Another way to suppress the signal from long lived background is to reduce the decay time between irradiation and counting.
NAA is also performed using epithermal neutrons, with energies higher than 1 eV. To perform NAA with epithermal neutrons, a cadmium tube can be inserted between the core and the irradiation chamber to remove thermal neutrons from the source. 113 Cd, which is one of the stable isotopes of cadmium, is a very effective for neutron removal due to its unique cross section to thermal neutrons; However, the cross-section drops dramatically to below 1,000 barns above 0.5 eV. This 0.5 eV cutoff is often called the ''cadmium cutoff''. In other words, neutrons with energy less than 0.5 eV are much more likely to be absorbed by the cadmium and never reach the sample in the irradiation chamber; while neutrons with high energy pass through.
To illustrate the effect of epithermal neutrons, Spyrou et al. [4] compared the activity of twelve reaction product nuclides after the irradiation of elemental standards (Na, Al, Sc, Ge, Se, Rh, Pd, Ag, Ce, Er, Hf, Pt) from a neutron beam through a bare tube and a cadmium sleeved tube, respectively.
The cadmium ratio indicates the magnitude of activity suppression by using cadmium to absorb thermal neutrons out of the irradiation beam. A high ratio would mean the activity of the isotope relies heavily on thermal neutrons and by shielding off thermal neutrons the activity of the isotope is reduced dramatically. On the other hand, a low ratio indicates shielding off thermal neutrons has little effect on the activity of the isotope. Therefore, ENAA is most effective when the isotope of interest has a low cadmium ratio while other isotopes within the sample have high ratio values.
Spyrou et al. [4] stated and discussed the possibility of a cyclic epithermal neutron activation analysis (CENAA) with an automated pneumatic system controlled by computers. However, while detection limits were given no concentration values were given for any samples or reference materials. By using epithermal over thermal neutrons, signals from the long-lived nuclides are effectively suppressed while the signal ratio of short-lived is enhanced. CENAA is therefore combining cyclic NAA and epithermal NAA. Despite a history of 30 years, published data using CENAA is rare. We have undertaken this project to ascertain the usefulness of using CENAA for radionuclides having half-lives less than 1 min.
Cyclic neutron activation analysis
CNAA is an integrated technique of consecutive irradiation-decay-and-count cycles. The measurement of CNAA is the cumulative radiation response of all the consecutive cycles. Each cycle can be divided into four periods: irradiation, transferring from reactor core to detector, counting, returning to core. Therefore, each cycle period has four compositions as follows: T = t i ? t t ? t c ? t r where T is the cycle period, t i is the irradiation period, t t is the transfer period, between end of irradiation and start of counting, t c is the counting period, and t r is the return period, between end of counting and start of next irradiation. A complete description of the theory has been presented before [2, 3] and will not be further elaborated.
Experimental
Based on earlier studies and own preliminary work we surmised that CENAA would potentially be better suited to specimens which had higher elemental concentrations. Standard metallic ores from the Canadian Certified Reference Materials Project (CCRMP) from the selected as the next approach to find short-lived isotopes that benefit from both epithermal neutrons and cyclic NAA. The activated contents in the ores generated a much larger amount of radiation activity than those typically found in geological and environmental samples. Therefore, the ore specimens were irradiated under a lower reactor power, 20-50 kW (9 9 10 10 -2.3 9 10 11 n cm 2 s -1) . The specimens were irradiated for 10 s and counted for 30 s after a 10 s delay for each of the three cycles. Approximately 0.3 g of each sample was epithermal neutron activated sample and counted with a 35% hyperpure germanium detector with a FWHM of 2.0 at the 1332 keV 60 Co photopeak. Deadtimes were kept to 10% or lower. The distance from the sample to detector was 5 cm. The 657 keV gamma ray from the 109 Ag (n, c) 110 Ag reaction with its 24.3 s half-life was used for the analysis. A complete overview of the system is shown in Fig. 1 . 
Sources of uncertainty and error
There are many potential sources of errors in NAA that include pile-up, true coincidence effect and accuracy in sample positioning. There are also three other potential sources of error in NAA. These errors include neutron flux variation, potential photon attenuation especially for high Z materials as ores, and deadtime corrections. It is worthy to note that changes in neutron flux variation in short-lived NAA is rarely encountered.
Variation in neutron flux
To determine the variation in neutron flux, 29 aluminum wires were consecutively irradiated for 10 s with a decay time of 10 s and counting time of 1 min. All wires were normalized to their individual weight. The variation of the flux is seen in Fig. 2 . The plot illustrates from the difference between individual runs can be as high as 14% with and standard deviation of average 4.1%. The result was used in calculation of uncertainty for all the concentrations. There are no errors due to sample position since the fully automated system receives the sample in the exact same place. See Table 1 .
Gamma-ray self-attenuation
Another possible source of error is gamma-ray self-attenuation, particularly for ores which contain high-Z elements. In other words, the specimen itself acts as a shielding medium and reduces the number of photons that make their ways to the detector. The self-attenuation effect is estimated by using a program called SELFABS developed by Dodoo-Amoo and Landsberger [5] , which calculates the fraction of photons that are attenuated by the major elements in the specimens. Table 2 lists these results which were taken into account in the final calculations.
Dead-time correction
The fast pneumatic system was programmed to compensate the deadtime by adding extra counting time. However, such a countermeasure does not work well for short-lived isotopes since the decay rate over the compensation time is much lower than that overall deadtime. Currently there are two commercial methods available to compensate for deadtime in very short-lived NAA. One method is the zero MP-1 (Zn Sn Cu Pb) 48 ± 5 5 6 ± 5 6 3 ± 5 69.7 ± 2.2 PTM-1 74 ± 6 7 7 ± 6 8 0 ± 6 6 6± 7 CZN-1 (Zn) 88 ± 7 9 0 ± 7 9 4 ± 7 9 3± 3 SU-1a (Ni Cu) 4.6 ± 0.5 4.7 ± 0.7 4.8 ± 0.9 4.3 ± 0.2 CPB-1(Pb) 530 ± 24 625 ± 28 705 ± 31 626 ± 6
Determination of silver 511 deadtime (ZDT) manufactured by Ortec. This system was currently unavailable for this study. The second method is the Westaphl technique. Unfortunately, this is only available with a Canberra system which is not available with our short-lived automatic system. One existing model is introduced in ''Neutron Activation Analysis'' by Soete et al. [6] . It was suggested that a correction could be calculated using the following equation
where c 0 is the net area count with deadtime correction; c is the net area count obtained from the spectrum; t d denotes deadtime; and k is the decay constant of the isotope.
Another model that we derived is based on the assumption that most of the deadtime is caused by the activity of the isotope of interest and the likelihood of deadtime occurring at time t is proportional to the activity distribution of the isotope.
Applying the boundary condition
The fraction of signals lost over deadtime is derived by
By substituting f t ð Þ ¼ C exp Àkt ð Þ into the equation constant C, and deadtime fraction = deadtime/real time we get:
Deriving the integration gives
Therefore, the net area count with deadtime correction is shown as follow:
The results of the silver concentration calculation in ores based on the two estimation models are compared with the reported concentration in Table 2 . In general, both deadtime models project estimations on the silver concentration within 10% difference from the reported concentration.
To illustrate the advantage of cyclic NAA over a onetime conventional NAA, two zinc-lead-tin-silver ore specimens of the same mass were irradiated and counted for one and two cycles, respectively. The signal-to-background ratio, R sÀb is calculated using equation 8.
According to the gamma spectrum of the zinc-lead-tinsilver ore, the major short-lived activities picked up by the detector are from silver and aluminum. With silver as the isotope of interest, activities from 27 Al represent background radiation.
s D c ¼ detector response from isotope of interest ¼ net area about the peak at 657.8 keV, which is the gamma energy from 111 Ag = b D c ¼ detector response from background radiation $ detector response from aluminum ¼ net area about the peak at 1778.8 keV, which is the gamma energy from 28 Al Our calculations showed there is a 27.8% increase in signal-to-background ratio with a second cycle. The increase indicates the effectiveness of cyclic NAA in enhancing the signal of short-lived isotope activities.
Results
The values for seven ore reference materials are shown in Table 2 . Self attenuation of the 657 keV photon and the variation of the flux have been taken into account in the final calculations. Both deadtime corrections were taken into account. As can be seen all the results agree fairly well with the published values. Typical detection limits were a few lg/g.
Conclusions
In conclusion, CENAA is an effective technique in determining silver in ores using the the 657 keV gamma ray from the 109 Ag (n, c)
110
Ag reaction with its 24.3 s halflife. A decay time of 10 s was used since the pneumatic system takes a minimum 8 s to transfer the irradiated specimen from the reactor core to the counting chamber. For 110 Ag, with a half-life of 24.6 s, a 10 s decay time diminishes its initial activity by 24.4%. On the other hand, the 10 s delay reduces the activity from 28 Al, with a halflife of 2.24 min giving rise by only 5.03%. That means in the beginning of the counting period, there are 75.44 and 94.97% of their activated activities for the two isotopes, respectively. On possible way of decreasing the statistical uncertainty is to increase the flow velocity of the transferring gas. Thus, if a delay time of five seconds could be achieved then there would only be a loss of only 14% of the activity.
